Background {#sec1-1744806918807050}
==========

More than 80% of patients who undergo surgery suffer acute postoperative pain, and less than half of patients report adequate pain relief. Researchers have estimated that only one in four surgical patients in the United States received adequate relief of acute pain.^[@bibr1-1744806918807050]^ Inadequately controlled pain dramatically increases the risk of postsurgical complications and the risk of persistent postsurgical pain.^[@bibr2-1744806918807050]^ Despite increased preclinical and clinical research have improved understanding of its pathological mechanisms, appropriate postoperative pain therapy still remains a challenge for physicians.^[@bibr3-1744806918807050],[@bibr4-1744806918807050]^

It has been reported that central sensitization in the spinal cord is critical for the maintenance of postoperative pain.^[@bibr5-1744806918807050][@bibr6-1744806918807050]--[@bibr7-1744806918807050]^ However, cellular and molecular reactions at the local tissue of surgical incision and the dorsal root ganglion (DRG) are also relevant^[@bibr3-1744806918807050],[@bibr8-1744806918807050],[@bibr9-1744806918807050]^. It is well clarified that inflammatory mediators which are released locally after tissue injury directly stimulate and cause sensitization of pain-related nociceptors located at nerve fibers of primary afferent neurons in peripheral tissues.^[@bibr9-1744806918807050][@bibr10-1744806918807050]--[@bibr11-1744806918807050]^ Thus, acute peripheral inflammation is intimately linked to the development of postsurgical acute pain.^[@bibr12-1744806918807050]^ Although previous studies have shown that tissue and peripheral nerve injury following surgery leads to local inflammatory reaction, accompanied by elevated levels of biological mediators, including prostaglandins, bradykinins, substance P, calcitonin gene-related peptide, and the pro-inflammatory cytokines,^[@bibr10-1744806918807050],[@bibr13-1744806918807050]^ the underlying mechanisms which regulate the release of these pain-related substances still remain unclear. Toll-like receptors (TLRs) are pattern recognition receptors that are the vital elements of innate immunity. TLR4 activation results in a pro-inflammatory cascade, which displays as regulating release of some cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β).^[@bibr14-1744806918807050]^ It has been well documented that TLR4 signaling activation is involved in the development of chronic pain.^[@bibr15-1744806918807050]^ Either genetic deletion or pharmaceutical inhibition of TLR4 relieves the neuropathic, inflammatory, and cancer pain.^[@bibr16-1744806918807050][@bibr17-1744806918807050][@bibr18-1744806918807050][@bibr19-1744806918807050]--[@bibr20-1744806918807050]^ Using skin and muscle incision and the retraction (SMIR) model, Chen et al. reported that the activation of p38 and IL-1β signaling pathway via TLR4 in DRG mediates mechanical allodynia after SMIR surgery.^[@bibr21-1744806918807050]^ In the present study, we hypothesize that TLR4/nuclear factor-kappa B (NF-[κB)]{.smallcaps} signaling activation in plantar tissue and DRG via regulating pro-inflammatory cytokines release might be involved in the development of acute postoperative pain.

The animal model of postoperative pain consisting of incision at the plantar hind paw was developed in rats in 1996.^[@bibr22-1744806918807050]^ This experimental model is characterized by spontaneous pain, allodynia and hyperalgesia, lasting for several days and corresponding with the time course of postoperative pain in patients.^[@bibr3-1744806918807050]^ Thus, in the current study, the plantar incision (PI) model in the rat hind paw was used to investigate the role of TLR4/NF-κB signaling activation in plantar tissue and DRG in the development of postoperative pain. We first observed the role of TLR4/NF-κB signaling in the generation of incisional pain by injection (intrathecal or intraplantar) of TAK-242 or PDTC combined with pain-related behavioral tests. Then, we examined the expressions of TLR4 and NF-κB in the local tissue around the incision and lumbar 4--5 (L4/L5) DRGs following PI. Finally, we further explored whether the TLR4-induced postoperative pain was mediated by NF-κB activation and consequently increased the expressions of inflammatory cytokines TNF-α and IL-1β in DRG or local wounded plantar tissue.

Methods {#sec2-1744806918807050}
=======

Animal preparation {#sec3-1744806918807050}
------------------

Male Sprague-Dawley rats weighing 250--300 g (purchased from the Laboratory Animal Center of Zhengzhou University, Zhengzhou, China) were housed in separate cages with free access to food and water. The room temperature was maintained at 23 ± 2°C under a natural light--dark cycle. All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Zhengzhou University and were performed according to the guidelines of the National Institutes of Health (NIH) on animal care.

Planter incision {#sec4-1744806918807050}
----------------

The animal model of postoperative pain was performed by PI as our previously described.^[@bibr23-1744806918807050]^ In brief, Male Sprague-Dawley rats were anesthetized with sevoflurane (2%--3%) vaporized through a nose cone. The plantar aspect of the left hind paw was scrubbed with 10% povidone-iodine three times. A 1-cm long incision, starting 0.5 cm from the heel and extending toward the toes, was made through the skin and fascia of the plantar aspect of the left hind paw including the underlying muscle. The plantaris muscle was isolated; elevated slightly, incised longitudinally, and then put it back to its original position. The exposed incision site of the plantaris muscle was desiccated and abraded with sterile gauze until hemorrhage was stopped. The wound was closed with two mattress sutures of 2-0 nylon. Rats were allowed to recover from the anesthesia before returning to their home cage. Sham animals were anesthetized and the left hind paw scrubbed with 10% povidone-iodine three times, but no incision was made. The incision was checked daily, and the rats that displayed wound infection or dehiscence were excluded from the study.

Intrathecal catheterization and drugs delivery {#sec5-1744806918807050}
----------------------------------------------

The TLR4-specific antagonist TAK-242 (Millipore, 508336) was dissolved in sterile saline containing 10% DMSO. Ammonium pyrrolidinedithiocarbamate (PDTC)

, a specific inhibitor of NF-κB activation, was purchased form Sigma (St. Louis, MO) and freshly dissolved daily in normal sterile saline. Drugs were delivered by intrathecal (i.t.) or subcutaneous (s.c.) plantar injection to rats. The intrathecal catheterization was performed as previously described.^[@bibr24-1744806918807050],[@bibr25-1744806918807050]^ In brief, a polyethylene-10 (outside diameter, 0.61 mm; inside diameter, 0.28 mm) catheter was inserted into the rat's subarachnoid space through the L5--L6 intervertebral space, and the tip of the catheter was located at the L5 spinal segmental level. The doses of TAK-242 (5, 20 µg/10 µl)^[@bibr26-1744806918807050],[@bibr27-1744806918807050]^ and PDTC (0.2, 0.5 µg/10 µl)^[@bibr28-1744806918807050],[@bibr29-1744806918807050]^ used in i.t. injection were based on the previous studies. The doses of s.c. injection of TAK-242 (20 µg/20 µl) or PDTC (0.5 µg/20 µl) were based on the doses of i.t. injection.

Behavioral tests {#sec6-1744806918807050}
----------------

The behavioral tests were performed in accordance with our previous described methods.^[@bibr30-1744806918807050],[@bibr31-1744806918807050]^ All rats were adapted to the testing environment for at least three days before baseline measurement. The paw withdrawal threshold (PWT) to assess mechanical sensitivity was determined by applying von Frey hairs to the plantar surface of the hind paw, and 50% PWT was determined using the up--down method.^[@bibr32-1744806918807050]^ Heat hypersensitivity was evaluated by testing paw withdrawal latency (PWL) using a plantar analgesia tester (7370, Ugo Basile, Comeria, Italy) according to the method described by Hargreaves et al.^[@bibr33-1744806918807050]^ A radiant heat source under the glass floor was aimed at the plantar surface of the hind paw. Three latency measurements were taken for each hind paw in each test session. The hind paws were tested alternately, and the intervals between consecutive tests were more than 5 min. The three latency measurements for the right paw and the left paw were averaged separately.

Western blotting {#sec7-1744806918807050}
----------------

Western blotting was performed according to our previous published procedures.^[@bibr31-1744806918807050],[@bibr34-1744806918807050]^ Briefly, the animals were sacrificed by decapitation at a designed time point. The ipsilateral plantar skin samples with deep fascia and muscle and L4/L5 DRGs were harvested and placed temporarily in liquid nitrogen. Next, the samples were homogenized with ice-cold lysis buffer (10 mM Tris, 5 mM EGTA, 0.5% Triton X-100, 2 mM benzamidine, 0.1 mM PMSF, 40 mM leupeptin, 150 mM NaCl, 1% phosphatase inhibitor cocktail IIand III). The crude homogenate was centrifuged at 4°C for 15 min at 3000 r/min, and the supernatants were collected. After the protein concentrations were measured, the samples were heated for 5 min at 99°C, and 30--60 µg protein was loaded onto 10% sodium dodecyl sulfate-polyacrylamide gels. The proteins were electrophoretically transferred onto polyvinylidene difluoride membranes. The blotting membranes were blocked with 3% nonfat milk for 1 h and incubated overnight at 4°C with the primary antibody. The following primary antibodies were used: rabbit anti-TLR4 (ABclonal, 1:1000), rabbit anti-NF-κB p65, rabbit anti-NF-κB p-p65 (Cell Signaling, 1:1000) , rabbit anti-TNF-α, rabbit anti-IL-1β (ABclonal, 1:1000), and mouse anti-β-actin (Sigma, 1:10, 000). The proteins were detected with horseradish peroxidase-conjugated antimouse or antirabbit secondary antibodies (BIORad, 1:3000), visualized using the chemiluminescence reagents provided with the ECL kit (BIORad) and detected by a machine of ProteinSimple (FluorChem E, San Jose, CA). The intensities of the blots were quantified by computer-assisted imaging analysis system (Image J; NIH, Bethesda, MD). The blot density of the control rats was set as 100%. The relative density values of the other groups were determined by dividing their optical density values by that of the control rats.

Immunohistochemistry {#sec8-1744806918807050}
--------------------

Immunohistochemistry was done following our previous methods.^[@bibr35-1744806918807050]^ Briefly, one day after PI, rats were deeply anesthetized with sevoflurane and perfused from the ascending aorta with normal saline, followed by 4% paraformaldehyde in 0.1M phosphate buffer. After perfusion, ipsilateral plantar skin samples with deep fascia muscle and L4/L5 DRGs were removed and postfixed in same fixative for 2 h, which was then replaced by 30% of sucrose phosphate-buffered saline over two nights. Transverse paw tissue sections (15 µm) and DRG sections (15 µm) were cut on a cryostat (Leica, CM1950) and prepared for immunofluorescence staining. Sections were randomly selected and put into different wells of a 24-well plate. After washing with phosphate-buffered saline, the sections were blocked with 5% goat serum in 0.3% Triton X-100 for 1 h at 37°C and incubated with primary antibody overnight at 4°C. For double immunofluorescence staining, the sections (except for isolectin B4 (IB4)-treated DRG sections, which were only incubated with Cy3-conjugated secondary antibody) were incubated with a mixture of goat antimouse fluorescein isothiocyanate (FITC)-conjugated secondary antibody (1: 200, Jackson ImmunoResearch, Amish, PA) and goat antirabbit Cy3-conjugated secondary antibody (1:400, Jackson ImmunoResearch) for 2 h at 37°C. The sections were incubated in 4′,6-diamidino-2-phenylindole(dihydrochloride, DAPI) for 10 min at room temperature. The stained sections were mounted onto slides and examined with an Olympus BX53 (Olympus Optical, Tokyo, Japan) fluorescence microscope, and images were captured with a CCD spot camera. The primary antibodies used were as follows: rabbit anti-TLR4 (1:100, ABclonal) and rabbit anti-NF-κB p-p65 (1:100, Cell Signaling). The following cell-specific markers were used: neurofilament-200 (NF-200, a marker for medium/large cells and myelinated Aβ fibers, 1:200, Chemicon, Billerica, MA), FITC-conjugated IB4 (a marker for small nonpeptidergic neurons, 20 µg/mL, Sigma), glial fibrillary acidic protein (GFAP, a marker for satellite glia cells, 1:200, Chemicon). The quantification of TLR4 and NF-κB p-p65 positive staining area in paw tissue was performed using a computerized image analysis system (Image J; NIH).

The specificity of anti-TLR4 antibody was tested by a proincubation method.^[@bibr35-1744806918807050]^ Briefly, the DRG sections that had been blocked in 5% goat serum were preincubated with lipopolysaccharide (LPS), a classical ligand of TLR4, for 1 h at room temperature. The anti-TLR4 antibody was then directly loaded onto the sections, and immunohistochemistry was used to assess TLR4-immunoreactivity (TLR4-IR). The results showed that the TLR4-IR in sections which preincubated with LPS was lower than that in the sections without preincubation (data not shown). The specificity of anti-NF-κB p-p65 antibody was tested by a method that using NF-κB p65 siRNA-treated cultured PC12 cells. Then, the anti-p-p65 antibody was used to detect the change in phosphorylation level of the NF-κB p65 in p65 siRNA-treated cells by Western blot. The results showed the level of NF-κB p65 phosphorylation displayed a significant decrease in NF-κB p65 siRNA-treated cells (data not shown).

Statistical analysis {#sec9-1744806918807050}
--------------------

Statistical tests were performed with SPSS 10.0 (SPSS Inc., Chicago, IL) and SigmaStat (Systat, San Jose, CA). All data were presented as mean ± standard error. For behavioral analysis, two-way analysis of variance (ANOVA) with repeated measures followed by Tukey's post hoc test was used for difference over time. The one-way ANOVA followed by individual post hoc comparisons (Tukey's post hoc tests) were carried out for the data between groups at the same time points. For Western blot and immunohistochemistry data, the differences were tested using one-way ANOVA followed by individual post hoc comparisons (Tukey's post hoc tests) or using Student's *t* test if only two groups were applied. A value of *P* \< 0.05 was considered significant.

Results {#sec10-1744806918807050}
=======

PT-induced pain-related hypersensitivity and activation of TLR4/NF-κB signaling in DRG {#sec11-1744806918807050}
--------------------------------------------------------------------------------------

Consistent with the previous studies, PI induced an acute mechanical allodynia and thermal hyperalgesia for several days. Behavioral tests showed a clear reduction in PWT (compared with baseline value, 1 h, *P* \< 0.001; 2 h, *P* \< 0.001; one day, *P* \< 0.001; two days, *P* \< 0.01; three days, *P* \< 0.01; four days, *P* \< 0.01; five days, *P* \< 0.05, two-way ANOVA, [Figure 1(a)](#fig1-1744806918807050){ref-type="fig"}) and PWL (compared with baseline value, 1 h, *P* \< 0.001; 2 h, *P* \< 0.001; one day, *P* \< 0.001; two days, *P* \< 0.001; three days, *P* \< 0.01; four days, *P* \< 0.05; five days, *P* \< 0.05, two-way ANOVA, [Figure 1(b)](#fig1-1744806918807050){ref-type="fig"}), which started at 1 h and lasted to the fifth day after PI. Considering the potential role of TLR4/NF-κB signaling activation in postoperative pain, the expression of TLR4 was examined in DRG after surgery. The Western blot data showed that the protein expression of TLR4 in L4/L5 DRGs increased following PI. Compared with sham group, the significant increased expression of TLR4 occurred at 2 h and lasted to the third day (2 h, *P* \< 0.05; one day, *P* \< 0.01; three days, *P* \< 0.01; one-way ANOVA, [Figure 1(c) and (d)](#fig1-1744806918807050){ref-type="fig"}) after PI. Results of immunofluorescence staining also showed significant increased positive staining cells in ipsilateral L4 and L5 DRGs (\*\*\**P* \< 0.01 vs. sham group; Student's *t* test, [Figure 2(a) to (c)](#fig2-1744806918807050){ref-type="fig"}). To identify the cell types that expressed TLR4 in DRG after PI, we performed triple immunofluorescence staining of TLR4 with three cell-specific markers: NF-200 (A-type neuron), IB4 (C-type neuron), and GFAP (satellite glial cells) and nuclear marker: DAPI. The results showed that the increase in TLR4 was colocalized with neurons (A-type and C-type) and satellite glial cells ([Figure 2(g), (k), and (o)](#fig2-1744806918807050){ref-type="fig"}).

![Plantar incision (PI)-induced mechanical allodynia, thermal hyperalgesia, and upregulation of TLR4 in L4/L5 DRGs in rats. Behavioral data showing reduction in paw withdrawal threshold (a) and paw withdrawal latency (b) following PI. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P*\< 0.001 versus baseline value, two-way ANOVA. BL: baseline. (c) Western blotting data showing increased expression of TLR4 in ipsilateral L4/L5 DRGs following PI. \**P* \< 0.05; \*\**P* \< 0.01 versus sham group, one-way ANOVA. TLR4: Toll-like receptor-4.](10.1177_1744806918807050-fig1){#fig1-1744806918807050}

![Distribution and cell-type of TLR4 expression in ipsilateral L5 DRG following PI. (a--c) PI led to significant increased positive staining cells in DRG (PI 1 d vs. sham, \*\*\**P* \< 0.001, Student's *t* test). (d--g) Representative pictures showing that the TLR4 colocalized with A-type neurons marker NF-200. (h--k) TLR4 colocalized with C-type nonpeptidergic neurons marker IB4. (l--o) TLR4 colocalized with satellite glial cells marker GFAP. (f), (j), and (n) showing DAPI marked the nucleus. Scale bar: (a) and (b) = 100 µm; (d) to (o) = 50 µm. TLR4: Toll-like receptor-4; PI: plantar incision; NF-200: neurofilament-200; DAPI: 4′,6-diamidino-2-phenylindole; IB4: isolectin B4; GFAP: glial fibrillary acidic protein.](10.1177_1744806918807050-fig2){#fig2-1744806918807050}

It has been demonstrated that TLR4-triggered-NF-κB signaling activation mediates inflammatory reactions of cells.^[@bibr18-1744806918807050]^ Our immunofluorescence staining data showing clearly increased p-p65 positive staining cells in ipsilateral L4/L5 DRGs one day after PI (\*\* *P* \< 0.01 vs. sham group; Student's *t* test, [Figure 3(a) to (c)](#fig3-1744806918807050){ref-type="fig"}). Double immunofluorescence staining revealed that the increased expression of p-p65 colocalized with both neuronal cell marker (NF-200 and IB4) and satellite glial marker GFAP ([Figure 3(h), (l), and (p)](#fig3-1744806918807050){ref-type="fig"}). We further observed the PI-induced expression and activation of NF-κB in DRG by Western blot. Consistent with the change in TLR4, the enhanced expression of NF-κB p-p65 also started at 2 h and was lasted to the third day (compared with sham group, 2 h, *P* \< 0.01; one day, *P* \< 0.01; three days, *P* \< 0.05; one-way ANOVA, [Figure 3(d)](#fig3-1744806918807050){ref-type="fig"}) in PI rats. However, the total NF-κB p65 protein in DRGs was not changed following surgery ([Figure 3(d)](#fig3-1744806918807050){ref-type="fig"}).

![Distribution and cell type of NF-κB p-p65 expressed in ipsilateral L5 DRG following PI. (a--c) The immunofluorescence staining pictures showing increased NF-κB p-p65-positive staining cells in DRG after PI (PI 1 d vs. sham, \*\**P* \< 0.01, Student's *t* test). (d) Western blotting data showing an increased level of phosphorylated NF-κB p65 (p-p65), but not total p65, in DRGs following PI (\**P* \< 0.05; \*\**P* \< 0.01 vs. sham group, one-way ANOVA). (e--p) Representative pictures showing that the p-p65 colocalized with A-type neurons marker NF-200 (h), C-type nonpeptide neurons marker IB4 (l), and satellite glial cells marker GFAP (p). DAPI marked the nucleus at (g), (k), and (o). Scale bar: (a) and (b) = 100 µm; (e) to (p) = 20 µm. PI: plantar incision; NF-200: neurofilament-200; DAPI: 4′,6-diamidino-2-phenylindole; IB4: isolectin B4; GFAP: glial fibrillary acidic protein.](10.1177_1744806918807050-fig3){#fig3-1744806918807050}

TLR4/NF-κB signaling inhibition impaired the development of postoperative pain following PI in rats {#sec12-1744806918807050}
---------------------------------------------------------------------------------------------------

Because the spinal dural membrane in rats extends into the capsule of the DRG, the proximal face of the DRG is in direct continuity with the subarachnoid space.^[@bibr36-1744806918807050]^ Thus, the intrathecal injection (i.t.) of TAK-242, a specific antagonist of TLR4, and PDTC, an inhibitor of NF-κB activation, were performed in the following experiments in view of the potential role of TLR4/NF-κB signaling activation in DRG in the development of postsurgical pain. The rats were injected with different doses of TAK-242 (5, 20 µg/10 µl) intrathecally 30 min before PI and daily for five days. Compared with the vehicle group, TAK-242 treatment dose dependently attenuated PI-induced mechanical allodynia and thermal hyperalgesia. The statistical difference in PWT in high-dose group occurred at 2 h and lasted to the fifth day after PI (compared with PI + vehicle group, 2 h, *P* \< 0.05; one day, *P* \< 0.05; two days, *P* \< 0.05; three days, *P* \< 0.01; four days, *P* \< 0.001; five days, *P* \< 0.05, one-way ANOVA, [Figure 4(a)](#fig4-1744806918807050){ref-type="fig"}). TAK-242 treatment in the high-dose group also significantly increased PWL which occurred at first day and was maintained to the fifth day (compared with PI + vehicle group, one day, *P* \< 0.01; two days, *P* \< 0.01; three days, *P* \< 0.01; four days, *P* \< 0.05; five days, *P* \< 0.05, one-way ANOVA, [Figure 4(b)](#fig4-1744806918807050){ref-type="fig"}). However, for the low-dose TAK-242 group, the significant increased PWT occurred on day 3 and day 4 ([Figure 4(a)](#fig4-1744806918807050){ref-type="fig"}) and PWL occurred on day 2 after surgery ([Figure 4(b)](#fig4-1744806918807050){ref-type="fig"}). The basal PWT and PWL in naive rats were not changed by i.t. TAK-242 (20 µg) alone daily for five days ([Figure 4(a) and (b)](#fig4-1744806918807050){ref-type="fig"}). Next, we examined the role of NF-κB activation in the genesis of postsurgical pain after PI. Behavior tests showed that prior i.t. injection of PDTC (0.2, 0.5 µg/10 µl, 30 min before surgery and daily for five days) dose dependently prevented the PI-induced reduction in PWT and PWL. The significant difference in PWT (compared with PI + vehicle group, 2 h, *P* \< 0.05; one day, *P* \< 0.05; two days, *P* \< 0.01; three days, *P* \< 0.05; four days, *P* \< 0.01; five days, *P* \< 0.05, one-way ANOVA, [Figure 4(c)](#fig4-1744806918807050){ref-type="fig"}) and PWL (compared with PI + vehicle group, 2 h, *P* \< 0.01; one day, *P* \< 0.01; two days, *P* \< 0.05; three days, *P* \< 0.05; four days, *P* \< 0.05; five days, *P* \< 0.05, one-way ANOVA, [Figure 4(d)](#fig4-1744806918807050){ref-type="fig"}) started at 2 h after surgery and lasted to the fifth day in the high-dose group. Whereas the statistic difference just occurred at day 3, day 4, and day5 for PWT ([Figure 4(c)](#fig4-1744806918807050){ref-type="fig"}) and at day 4 for PWL ([Figure 4(d)](#fig4-1744806918807050){ref-type="fig"}) in low-dose PDTC group. The basal PWT and PWL in naive rats were not changed by i.t. PDTC (0.5 µg) alone daily for five days. These results imply that TLR4/NF-κB signaling activation contributes to the development of PI-induced postoperative pain.

![Inhibition of TLR4/NF-κB signaling activation attenuated postoperative pain following PI in rats. Prior i.t. injection of TAK-242 partially prevented the reductions in paw withdrawal threshold (PWT) (a) and paw withdrawal latency (PWL) (b) following PI. Prior i.t. administration of PDTC partially attenuated PI-induced decrease in PWT (c) and PWL (d). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 versus PI + vehicle group at same time points between different groups, one-way ANOVA. \#*P* \< 0.05; \#\#*P* \< 0.01; \#\#\#*P* \< 0.001 versus baseline value, two-way ANOVA. PI: plantar incision; BL: baseline; PDTC: ▪; TAK: ▪.](10.1177_1744806918807050-fig4){#fig4-1744806918807050}

To further confirm the above results, we performed Western blot to observe the effect of i.t. administration of TAK-242 on NF-κB activation in DRG. Our results showed that prior i.t. administration of TAK-242 significantly reduced the phosphorylation level of NF-κB p65 in ipsilateral L4/L5 DRGs (PI + vehicle vs. sham + vehicle, *P* \< 0.05; PI + TAK vs. PI + vehicle, *P* \< 0.01, one-way ANOVA, [Figure 5(a)](#fig5-1744806918807050){ref-type="fig"}). Furthermore, the increased expressions of pro-inflammatory cytokines TNF-α and IL-1β were also inhibited by the TAK-242 injection. Compared with sham group, rats that received PI showed significant increased expressions of TNF-α and IL-1β in L4/L5 DRGs (PI + vehicle vs. sham + vehicle, *P* \< 0.01, one-way ANOVA, [Figure 5(a)](#fig5-1744806918807050){ref-type="fig"}). However, in the PI + TAK-242 i.t. group, the increased expressions of TNF-α and IL-1β were clearly inhibited when compared with the PI + vehicle i.t. group (*P* \< 0.05, one-way ANOVA, [Figure 5(a)](#fig5-1744806918807050){ref-type="fig"}). Moreover, prior i.t. injections of PDTC also suppressed the increased expressions of p-p65, TNF-α, and IL-1β in ipsilateral L4/L5 DRGs one day after surgery (\**P* \< 0.05, \*\**P* \< 0.01 vs. sham group; \#*P* \< 0.05, \#\#*P* \< 0.01 vs. PI + vehicle group, one-way ANOVA, [Figure 5(b)](#fig5-1744806918807050){ref-type="fig"}). The expressions of p-p65, TNF-α, and IL-1β were not changed in contralateral L4/L5 DRGs (data not shown).

![Prior i.t. administration of TAK-242 and PDTC inhibited activation of NF-κB and reduced pro-inflammatory cytokines (TNF-α and IL-1β) expression in DRGs following PI. The Western blot data showing reduced expressions of p-p65, TNF-α, and IL-1β in ipsilateral L4/L5 DRGs following repeated i.t. administration of TAK-242 (a) or PDTC (b). \**P* \< 0.05; \*\**P* \< 0.01 versus sham + vehicle (veh) group; \#*P* \< 0.05; \#\#*P* \< 0.01 versus PI + veh group, one-way ANOVA. TNF-α: tumor necrosis factor-alpha; PI: plantar incision; PDTC: ▪; TAK: ▪; IL-1β: interleukin-1 beta.](10.1177_1744806918807050-fig5){#fig5-1744806918807050}

TLR4/NF-κB signaling activation in plantar tissue following PI {#sec13-1744806918807050}
--------------------------------------------------------------

Previous studies have shown that TLR4/NF-κB signaling activation in the DRG and spinal cord contributes to neuropathic, inflammatory^[@bibr18-1744806918807050]^ and muscle incision and retraction induced-chronic pain.^[@bibr37-1744806918807050]^ However, the expression and activation of TLR4/NF-κB signaling in local plantar tissue after PI still remain unclear. In the current study, the expressions of TLR4 and NF-κB p-p65 in plantar tissue were examined at different time points after PI. Our Western blot results showed that the PI led to a clear expression of TLR4 in local plantar tissue. Compared with the sham group, the PI group showed significant increased expression of TLR4, which started at 2 h and persistent to the third day after surgery (2 h, *P* \< 0.01; day 1, *P* \< 0.01; day 3, *P* \< 0.01; one-way ANOVA, [Figure 6(a)](#fig6-1744806918807050){ref-type="fig"}). Correlated with the change in TLR4, PI also caused markedly increased expression of NF-κB p-p65 in the wounded plantar tissue. Compared with sham group, the statistical difference in NF-κB p-p65 occurred at 2 h and persistent to the third day following PI (2 h, *P* \< 0.05; day 1, *P* \< 0.01; day 3, *P* \< 0.05; one-way ANOVA, [Figure 6(a)](#fig6-1744806918807050){ref-type="fig"}). The total NF-κB p65 protein was not changed after surgery ([Figure 6(a)](#fig6-1744806918807050){ref-type="fig"}). To further confirm the above results, immunohistochemistry was performed to examine the IR of TLR4 and NF-κB p-p65 in the wounded plantar tissue (skin, fascia, and muscle) one day after PI. Compared with sham group, the rats that received PI showed significant increased TLR4-IR (*P* \< 0.01, Student's *t* test, [Figure 6(b) to (d)](#fig6-1744806918807050){ref-type="fig"}) and NF-κB p-p65-IR (*P* \< 0.01, Student's *t* test, [Figure 6(e) to (g)](#fig6-1744806918807050){ref-type="fig"}). These data indicate that PI results in significant increased expressions of TLR4 and NF-κB p-p65 in local wounded plantar tissue.

![Expressions of TLR4 and NF-κB p-p65 in the injured plantar tissue (skin, fascia, and muscle) after PI. (a) The Western blotting data showing increased expressions of TLR4 and p-p65 in the wound plantar tissue following PI. Total NF-κB p65 was not changed after PI. \**P* \< 0.05; \*\**P* \< 0.01 versus sham group, one-way ANOVA. (b--d) The immunofluorescence staining pictures showing the increased expression of TLR4 in local injured plantar tissue one day after PI. \**\*P* \< 0.01 versus sham group, Student's *t* test. (e--g) The immunofluorescence staining pictures showing increased expression of p-p65 in local injured plantar tissue one day after PI. \*\**P* \< 0.01 versus sham group, Student's *t* test. PI: plantar incision; TLR4: Toll-like receptor-4.](10.1177_1744806918807050-fig6){#fig6-1744806918807050}

Role of TLR4/NF-κB signaling activation in local wounded tissue in PI induced-postoperative pain {#sec14-1744806918807050}
------------------------------------------------------------------------------------------------

Based on the above results, the effect of local inhibition of TLR4/NF-κB signaling on PI-induced pain hypersensitivity was observed by s.c. injection of TAK-242 or PDTC in plantar tissue. Western blot data showed that the PI-induced increased expressions of NF-κB p-p65, TNF-α, and IL-1β in local wounded plantar tissue were significantly inhibited by plantar injection of TAK-242 (\**P* \< 0.05, \*\**P* \< 0.01 vs. sham + vehicle group; \#*P* \< 0.05, \#\#*P* \< 0.01 vs. PI + vehicle group, one-way ANOVA, [Figure 7(a)](#fig7-1744806918807050){ref-type="fig"}) or PDTC (\**P* \< 0.05, \*\**P* \< 0.01 vs. sham + vehicle group; \#*P* \< 0.05, \#\#*P* \< 0.01 vs. PI + vehicle group, one-way ANOVA, [Figure 7(b)](#fig7-1744806918807050){ref-type="fig"}). In addition, s.c. injections of TAK-242 or PDTC around wounded plantar tissue also dramatically reduced the expressions of NF-κB p-p65, TNF-α, and IL-1β at ipsilateral L4/L5 DRGs ([Figure 7(c) and (d)](#fig7-1744806918807050){ref-type="fig"}).

![Intraplantar injection of TAK-242 or PDTC inhibited the expressions of NF-κB p-p65, TNF-α, and IL-1β in injured plantar tissue and ipsilateral L4/L5 DRGs following PI. The PI-induced increased expressions of p-p65, TNF-α, and IL-1β in injured plantar tissue were inhibited by prior to s.c. injection of TAK-242 (a) or PDTC (b) around injured plantar tissue. The expressions of p-p65, TNF-α, and IL-1β in ipsilateral L4/L5 DRGs were reduced after PI by prior to s.c. injection of TAK-242 (c) or PDTC (d) around injured plantar tissue. \**P* \< 0.05; \*\**P* \< 0.01 versus sham + vehicle (veh) group; \#*P* \< 0.05; \#\#*P* \< 0.01 versus PI + veh group, one-way ANOVA. TNF-α: tumor necrosis factor-alpha; IL-1β: interleukin-1 beta; PI: plantar incision; PDTC: ▪; TAK: ▪.](10.1177_1744806918807050-fig7){#fig7-1744806918807050}

Behavioral data showed that the TAK-242-treated group (20 µg/20 µl s.c., 30 min before surgery and daily for five days) displayed significantly increased PWT (PI + TAK vs. PI + vehicle, 2 h, *P* \< 0.05; 8 h, *P* \< 0.05; one day, *P* \< 0.01; two days, *P* \< 0.01; three days, *P* \< 0.01, one-way ANOVA, [Figure 8(a)](#fig8-1744806918807050){ref-type="fig"}) and PWL (PI + TAK vs. PI + vehicle, 2 h, *P* \< 0.05; one day, *P* \< 0.01; two days, *P* \< 0.05; three days, *P* \< 0.05; five days, *P* \< 0.05, one-way ANOVA, [Figure 8(b)](#fig8-1744806918807050){ref-type="fig"}) in the ipsilateral hind paw. Subcutaneous injection of PDTC (0.5 µg/20 µl, 30 min before surgery and daily for five days) in plantar was then performed in another group of rats. Behavioral data showed that prior injection of PDTC significantly prevented the PI-induced reductions in PWT (PI + PDTC vs. PI + vehicle, 2 h, *P* \< 0.05; 8 h, *P* \< 0.05; one day, *P* \< 0.05; two days, *P* \< 0.01; three days, *P* \< 0.01, five days, *P* \< 0.05, one-way ANOVA, [Figure 8(c)](#fig8-1744806918807050){ref-type="fig"}) and PWL (PI + PDTC vs. PI + vehicle, 2 h, *P* \< 0.05; 8 h, *P* \< 0.01; one day, *P* \< 0.01; two days, *P* \< 0.05; three days, *P* \< 0.05, one-way ANOVA, [Figure 8(d)](#fig8-1744806918807050){ref-type="fig"}) in the ipsilateral hind paw. The PWT and PWL in the contralateral hind paw were not changed by the local treatment of TAK-242 or PDTC. These results suggest that activation of TLR4/NF-κB signaling in local wounded tissue might play a critical role in the development of postsurgical pain.

![The role of TLR4/NF-κB signaling activation in injured plantar tissue in the development of postoperative pain. Prior intraplantar injection of TAK-242 partially prevented the reduction in paw withdrawal threshold (a) and paw withdrawal latency (b) following PI. Prior intraplantar injection of PDTC partially attenuated PI-induced mechanical allodynia (c) and thermal hyperalgesia (d). \**P* \< 0.05; \*\**P* \< 0.01 versus PI + vehicle group at same time points, Student's *t* test. \#*P* \< 0.05; \#\#*P* \< 0.01; \#\#\#*P* \< 0.001 versus baseline value, two-way ANOVA. PI: plantar incision; PDTC: ▪; TAK: ▪.](10.1177_1744806918807050-fig8){#fig8-1744806918807050}

Discussion {#sec15-1744806918807050}
==========

Previous studies have shown that TLR4/NF-κB signaling activation contributes to the development of several types of chronic pain.^[@bibr10-1744806918807050],[@bibr18-1744806918807050],[@bibr38-1744806918807050]^ Here, we demonstrated that TLR4/NF-κB signaling activation in wounded plantar tissue and DRG is involved in postoperative pain. Our results revealed that PI resulted in increased expression of TLR4 both in wounded plantar tissue and ipsilateral L4/L5 DRGs. Correlated with the change in TLR4, PI also led to significant enhanced expression of NF-κB p-p65 in the same tissue. Prior i.t. administration of TAK-242 or PDTC reduced the expressions of NF-κB p-p65, TNF-α, and IL-1β in DRG and attenuated the mechanical allodynia and thermal hyperalgesia induced by PI. Moreover, prior s.c. injection of TAK-242 or PDTC in plantar tissue also alleviated the pain-related hypersensitivity and suppressed the expressions of NF-κB p-p65, TNF-α, and IL-1β in the wounded plantar tissue after surgery. The NF-κB p-p65, TNF-α, and IL-1β expressions in ipsilateral L4/L5 DRGs were also dramatically reduced by the prior to s.c. injection of TAK-242 in plantar tissue. Taken together, these results indicate that TLR4/NF-κB signaling activation in wounded tissue and DRG contribute to the development of postoperative pain by regulating the expressions of TNF-α and IL-1β at local plantar tissue and DRGs.

Compelling evidence shows that TLR4/NF-κB signaling activation in DRG and spinal cord is critical to the development of chronic pain.^[@bibr39-1744806918807050][@bibr40-1744806918807050]--[@bibr41-1744806918807050]^ Postoperative pain characterized by acute pain in the area of incision is also determined by inflammatory response in local injured tissue and spinal cord.^[@bibr22-1744806918807050]^ In the present study, our data revealed that PI led to significant increased expressions of TLR4 and NF-κB p-p65 not only in DRG but also in injured plantar tissues. Compared with sham group, the statistical difference in TLR4 and NF-κB p-p65 occurred as early as 2 h after surgery and persistent more than three days. Recently, using the SMIR model, Sun et al. reported a significant increased expression of TLR4 in the spinal cord and L3/4 DRGs, but the time course is somewhat different from our current study.^[@bibr37-1744806918807050]^ The SMIR model results in persistent postsurgical pain and sustained expression of TLR4, which last more than 20 days after surgery. However, the PI model used in the present study induces acute postoperative pain which last for several days. Therefore, we observed a transient (about three days) increased expressions of TLR4 and NF-κB p-p65 in DRG and in wounded plantar tissues. As a vital element of regulating innate immunity, although the direct target of TLR4 is MyD88, NF-κB is one of its important downstream signaling pathways, which mediates inflammatory reactions.^[@bibr10-1744806918807050],[@bibr14-1744806918807050],[@bibr40-1744806918807050],[@bibr42-1744806918807050]^ The p50/p65 complex is the most common functional heterodimer of NF-κB in cells.^[@bibr43-1744806918807050]^ It has been demonstrated that NF-κB activation was evidenced by the increased expression of p-p65 because NF-κB p65 requires phosphorylation prior to its binding to a specific target gene in the nucleus.^[@bibr44-1744806918807050],[@bibr45-1744806918807050]^ However, the site of p65 phosphorylation is in cytoplasm which depended on PI3K activation.^[@bibr46-1744806918807050]^ Our results showed that most of positive-staining p-p65 located in cytoplasm. I think that may be the content of p-p65 which was translocated to nucleus is too small to be stained by our immunohistochemistry method. Therefore, the upregulation of TLR4 accompanied by the increased phosphorylation of NF-κB p65 might represent TLR4/NF-κB signaling activation in DRG and in injured plantar tissues after PI.

In view of the potential role of TLR4/NF-κB signaling activation in injured plantar tissue and DRG in the development of postsurgical pain, the i.t. injection of TAK-242, a specific TLR4 antagonist, and PDTC, an inhibitor of NF-κB activation, were performed to examine the effect of TLR4/NF-κB signaling inhibition on pain-related behaviors, firstly. The data showed that not only TAK-242 but also PDTC i.t. administration clearly alleviated the mechanical allodynia and thermal hyperalgesia following PI. Although it has been demonstrated that the spinal dural membrane in rats extends into the capsule of the DRG and that the proximal face of the DRG is in direct continuity with the subarachnoid space,^[@bibr36-1744806918807050]^ we still cannot exclude that partial effects of TAK-242 and PDTC in the above study came from the direct action in the spinal cord. Obviously, direct microinjection of TAK-242 or PDTC in DRG is a better method to the present study. But, the severe injury to local tissue which caused by DRG injection itself will affect the performance of PI-induced pain behaviors at hind paws. To provide evidence of intrathecal TAK-242 inhibiting the inflammatory response in DRG, we performed Western blot to examine the expressions of NF-κB p-p65, TNF-α, and IL-β in L4/L5 DRGs after rats received TAK-242 treatment intrathecally. We found the planter incision-induced increased expressions of NF-κB p-p65, TNF-α, and IL-β in ipsilateral L4/L5 DRGs were clearly inhibited by prior to i.t. administration of TAK-242 or PDTC. Our double immunofluorescence data showing the upregulated TLR4 and NF-κB p-p65 not only colocalized with DRG neurons but also satellite glial cells. Although we cannot dissect which one is more important in postsurgical pain by the present data, the role of spinal glial cells, may be also include DRG satellite glial cells, in postsurgical pain has been demonstrated by studies in which the gial inhibitor minocycline or fluorocitrate were administered intrathecally in PI rats.^[@bibr47-1744806918807050],[@bibr48-1744806918807050]^ Because there are no direct connections with spinal sensory neuron, the contribution of DRG satellite glial cells to postsurgical pain may essentially depend on the activity of DRG neurons.

To further confirm the role of peripheral TLR4/NF-κB signaling activation in the development of postoperative pain, the expressions of TLR4 and NF-κB p-p65 were examined in injured plantar tissue after surgery. We found that PI also led to an enhanced expression of TLR4, which was accompanied by an increased phosphorylation of NF-κB p65, in the local wounded plantar tissue. Then, we performed intraplantar (subcutaneous) injection of TAK-242 or PDTC around the incision. Behavioral data revealed that both TAK-242 and PDTC treatment clearly attenuated the pain-related hypersensitivity induced by PI. To rule out the possible systemic effects of subcutaneous injection of TAK-242 and PDTC, the doses of the two drugs which are used in current experiment are lowered in i.t. administration. The effects of s.c. injection of TAK-242 and PDTC in plantar on the expressions of NF-κB p-p65, TNF-α, and IL-1β in injured plantar tissue and ipsilateral L4/L5 DRGs were verified by Western blot assay. The results showed that TAK-242 and PDTC treatment not only prevented TLR4/NF-κB activation in local plantar tissue but also dramatically reduced the expressions of NF-κB p-p65, TNF-α, and IL-1β in ipsilateral L4/L5 DRGs. Previous studies have shown that tissue and peripheral nerve injury leads to local inflammatory reaction, accompanied by elevated levels of biological mediators, including IL-1β, IL-6, and TNF-α.^[@bibr1-1744806918807050],[@bibr9-1744806918807050],[@bibr49-1744806918807050]^ The nociceptive activity of these cytokines are also verified by experiments in which intraplantar injections of IL-1β, IL-6, or TNF-α in naive rats result in acute mechanical allodynia and thermal hyperalgesia.^[@bibr10-1744806918807050],[@bibr50-1744806918807050][@bibr51-1744806918807050][@bibr52-1744806918807050]--[@bibr53-1744806918807050]^ However, the roles of TLR4/NF-κB signaling in the releases of these cytokines in local injured tissue and in the development of postoperative pain have no yet been determined. Especially, the more interesting founding of the current study is that s.c. injection of TAK-242 in plantar reduced the TLR4/NF-κB signaling activation in ipsilateral L4/L5 DRGs and alleviate pain-related hypersensitivity after surgery. It implies that inflammatory response at wounded tissue may act as initial step during the development of pain-related sensitization at DRG and spinal cord. The local injection of TLR4/NF-κB activation inhibitor or blocking related-nerve before surgery might be effective methods to relieve acute postsurgical pain or even prevent the translation of acute pain to chronic pain after surgery.

Conclusions {#sec16-1744806918807050}
===========

Our results reveal that TLR4/NF-κB signaling activation in local injured tissue and DRG contributes to the development of postoperative pain via regulating pro-inflammatory cytokines, TNF-α and IL-1β, release. Targeting TLR4/NF-κB signaling in local tissue at early stage of surgery may be an effective strategy for the treatment of postoperative pain.
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